of woody plant species in lucidophyllous forests produce fruits that are eaten and dispersed by birds (Nakanishi 1994; Kominami et al. 1995) , indicating that the regeneration of many plant species depends on frugivory of birds. In recent years, much of the primary lucidophyllous forest in Japan has been lost and most of the remnant forests are small isolated stands (Sato 1983; Hattori & Asami 1998) . Some studies in tropical forests have reported that human disturbance causes the impoverishment of frugivores and the disruption of adequate seed dispersal (Kannan & James 1999; McConkey & Drake 2002) . Similar concerns must be raised in relation to Japan's forests. To conserve lucidophyllous forests, it is necessary to determine the effects of disturbance on the dispersal success of plants and on food availability for birds.
Understanding the relationship patterns between fruits and birds, and identifying irreplaceable species that play vital roles in fruit-bird interactions (key species) may help to assess the sensitivity of this interaction to habitat disturbance in lucidophyllous forest. Many obvious relationships between fruiting plants and frugivores have been studied, mainly in tropical forests. For example, only large frugivores can successfully disperse large seeds (Wheelwright 1985; McConkey & Drake 2002; Peres & van Roosmalen 2002) . Therefore, interactions between fruit and frugivores in tropical forests are often sensitive to the loss of certain species (Howe 1977; Hawthorne & Parren 2000; Loiselle & Blake 2002; McConkey & Drake 2002; Peres & van Roosmalen 2002) . Fruitbird interactions in temperate forests, however, are more diffuse than in tropical forests (Sorensen 1981; Herrera 1984; Skeate 1987; Malmborg & Willson 1988; Debussche & Isenmann 1989; Jordano 1993; but see Wheelwright 1988) . Consequently, it has been suggested that component species of the interaction are interchangeable (Noma & Yumoto 1997) . We therefore attempted to classify fruit types for an overview of fruit-bird interactions, and to identify the key species of fruiting plants in lucidophyllous forest.
Here, we classify fruit types, using three important traits, and distinguish key species in a primary lucidophyllous forest. First, it is well known that fruit size restricts seed dispersers, because many frugivorous birds prefer fruits that are smaller than their gape width (Herrera 1985; Wheelwright 1985; Jordano 1987; Debussche & Isenmann 1989; Hegde et al. 1991; Fukui 1995) . Second, the phenological traits of fruiting are important in defining fruit-bird interactions in temperate forests (Thompson & Willson 1979; Stiles 1980; Sorensen 1981; Skeate 1987; Noma & Yumoto 1997) . The fruit maturation pattern and the fruiting period of bird-dispersed plants are often adapted to seasonal fluctuations in fruit consumption by birds (Herrera 1985; Noma & Yumoto 1997) . Third, the growth forms of plants are also essential in the relationship. Growth forms determine the fruiting layer. Birds often prefer a specific layer within the forest when foraging for fruit (Hoppes 1987; Malmborg & Willson 1988) . Thus, these three traits of fruits can be related to consumption by particular groups of birds. Although plant species can be subdivided into a few large groups based on these traits, a classification using all three traits may illustrate more detailed structure of fruit types.
The classification of fruit types makes an overview of fruit-bird interactions possible. We attempted to detect relationship among species of fruits and birds that are almost entirely dependent on each other. The role of component species in such strong relationships is not compensated for by other species (Howe 1977; McConkey & Drake 2002 ). Then we attempted to identify fruit species associating with a wide variety of birds. Such fruit species play a driving role in the fruit-bird interactions of a community (Skeate 1987; Debussche & Isenmann 1989) . We considered both component species in strong relationships and abundant species in overall relationships as key species. The list of key species thus obtained may contribute to an assessment of the impact of species loss on fruit-bird interactions.
STUDY SITE AND METHODS

1) Study site
The study was conducted at the Aya Research Site, a long-term ecological research site in a well-preserved lucidophyllous forest, covering over 300 ha, in Miyazaki Prefecture, southwestern Japan (32°03ЈN, 131°12ЈE). The study site has been described in detail by Tanouchi and Yamamoto (1995) , Sato et al. (1999), and Nagamatsu et al. (2002) . The annual mean temperature is 14.2°C and the warmth index is 111. The annual precipitation is 3,070 mm. The most abundant soil type is a moderately moist brown forest soil. The dominant canopy species are Distylium racemosum, Persea japonica, P. thunbergii, Quercus acuta, and Q. salicina. The canopy height ranges from 25 to 32 m. The subcanopy layer is dominated by Actinodaphne longifolia, Camellia japonica, Cin-namomum japonicum, Cleyera japonica, Eurya japonica, and Neolitsea aciculata. A 4-ha permanent plot for long-term ecological research has been established on a north-to northwest-facing slope at elevations from 380 to 520 m within the study site.
2) Endozoochorous plants
Of the 203 species of higher plants found at the study site (Sato et al. 1999) , 140 are woody plants, 43 are herbs, and 20 are ferns. We classified the disseminule forms of the plant species according to van der Pijl (1982) . Seed dispersal by frugivores (endozoochory) was considered the disseminule form for fruits with a fleshy portion, such as the pericarp, arillus, perianth, or receptacle. Birds also disperse the dry fruits of several species of Euphorbiaceae and Rutaceae, which have a lipid-rich seed coat (Ueda & Fukui 1992) . We considered endozoochory to be the disseminule form of 111 plant species in the study site (Appendix 1). The scientific names of plants followed Ohwi and Kitagawa (1983) .
3) Growth form
Initially, we classified the growth forms of plant species according to three categories: the overstory (canopy trees, subcanopy trees, and epiphytes), the understory (small-trees, shrubs, and herbs), and the liana (woody climbers and large herbaceous climbers). At the study site, trees over 10 m high and epiphytes bear fruit in the canopy or subcanopy layers, whereas smaller trees, shrubs, and herbs bear fruit in the understory. Liana species were classified as a separate category, because the fruiting layer fluctuated with the host plant.
4) Seed rain
To measure the seed rain at the study site, we used 263 seed traps. A 1.2-ha core plot (100ϫ120 m) that included all types of microtopography was established within the 4-ha plot. We divided the core plot into 120 grids (each 10ϫ10 m), and positioned seed traps at the intersections and centers of every grid. Each trap consisted of a polyester cloth cone supported by a circular fiberglass frame, with an area of 0.58 m 2 , placed 1 m above the ground. Seeds that fell into the traps were collected monthly from May 1991 to October 1995 (54 months). All seeds larger than 1 mm in diameter were identified and counted. The collected seeds were classified as either pulpless seeds or seeds with pulp. We considered seeds with pulp to have fallen because of their weight only, and the pulpless seeds to have been dispersed by birds. Rainwash and pulp-consuming insects might also have removed pulp, but as the polyester cloth of the traps allowed good ventilation, the trapped material dried quickly, and neither pulp-consuming insects nor rotten fruit were observed in our traps.
5) Fruit phenology
The phenological patterns of fruiting and dispersal in the study site were divided into the following three types, based on phenological studies of seed dispersal by birds in temperate forests (Thompson & Willson 1979; Stiles 1980; Skeate 1987; Nakanishi 1991; Noma & Yumoto 1997) : "summer" fruit begin to ripen from late spring to summer, and the fruit are often removed quickly; "fall" fruit ripen from late summer to fall, and most fruit are removed in the fall; and "persistent" fruit are borne for a long period, from fall to winter. We used the seed rain data for the largest seed crop year to determine the phenological type of 50 species. Seed rain data for a combined period of three or four years were used to determine the type for five species for which the seed rain in any one year was less than 15 seeds. We were unable to distinguish the seeds of Persea japonica from P. thunbergii in the seed rain. Seed rain data of Persea in 1992 were used to determine the phenological type of P. japonica, because most Persea seeds with pulp were found to have fallen beneath P. japonica trees, and pulpless seeds were distributed round P. japonica trees in 1992. No suitable data were available for determining the type of P. thunbergii. Of 55 species with insufficient seed rain data (Ͻ15 seeds in five years in total) at the study site, the types of six species were determined using the phenological patterns of fruiting and dispersal reported in other lucidophyllous forest in southwestern Japan (Noma & Yumoto 1997) . In all, the phenological types of 62 species (56% of the endozoochorous species in the flora) were classified.
6) Fruit size
To measure the fruit size of endozoochorous species in the flora of the study site, we used fruit and seed specimens collected in Japan. The shorter diameters of fruits and seeds were measured, because the shorter diameter of an ovoid fruit is more likely to be significant in preventing birds from swallowing the fruit than its longer diameter (Karasawa 1978; Fukui 1995) . For Celastraceae and Magnoliaceae fruits, measurements of seeds with an arillus were treated as "fruit size" while those without the arillus were treated as "seed size". The size of the receptacle was treated as "fruit size" for Podocarpus macrophyllus (Podocarpaceae). The seed coat of Evodia meliaefolia (Rutaceae) was thin; therefore, we used the same value for "seed size" (seed size without seed coat) and "fruit size" (seed size with seed coat). We measured the fruit size of 57 species (51% of the endozoochorous species) and the seed size of 99 species (89%). For the other species, we used the diameters reported in Karasawa (1978) , Kitamura and Murata (1981) , Satake et al. (1982) , Takushi (1983) , Satake et al. (1989) , Nakanishi (1996) , Noma and Yumoto (1997) , and Nakayama et al. (2000) . We used the fruit and seed sizes of 107 species for our analyses.
7) Fruits eaten by birds
We recorded the bird species observed in the core plot during the monthly seed-trap collections from 1991 to 1995. The fruit species eaten by these birds were identified from descriptions of their food habits in the literature (Mizobuchi 1958; Fennell 1965; Ogasawara 1968; Chiba 1969; Nakamura 1970; Chiba et al. 1972; Kiyosu 1978; Nakagoshi 1982; Moriyama et al. 1985; Nimura 1988; Narita et al. 1989; Nakanishi 1991; Fukui 1995; Noma & Yumoto 1997) . The sizes of fruits and seeds eaten by birds were measured or determined from the literature. The growth forms of all plants were defined as either overstory, understory, or liana. Plant species from cool temperate forests were included for analysis of the fruit size and growth form preferences for each bird species. The scientific and English names of birds followed The Ornithological Society of Japan (2000).
8) Plant abundance
Tree censuses, systematic sampling by quadrat method, and data from seed traps were used to quantify the abundance of each plant species in the study site. All trees and lianas greater than 5 cm in dbh were identified within the 4-ha plot (4,856 individuals) in 1993. The number of individuals in the 4-ha study plot was used to quantify the abundance of each tree and liana species. We established 441 quadrats (4 m 2 each) at the every intersections of 10ϫ10-m grid in the 4-ha plot, and recorded shrub and herb species in each quadrat in 1991. The number of quadrats including a focal species was used as an indication of the abundance of the species. Fruit abundance of each species was evaluated from the total number of fruits that fell into 263 traps in 54 months. To convert the numbers of seeds in trap data to numbers of fruits, we counted the numbers of seeds per fruit using specimens of 89 species. For 20 species, we used the seed numbers per fruit reported in Nakayama et al. (2000) . The number of Persea fruits was combined for P. japonica and P. thunbergii.
RESULTS
1) Growth forms of fruit species in the Aya Research Site and in the diet of birds
The disseminule form of 108 (80%) of the 140 woody plant species in the Aya Research Site involved endozoochory (Appendix 1). High proportions of shrubs (93%), lianas (84%), and trees (70%) were endozoochorous, while only three (7%) herb species were endozoochorous.
Thirty-seven endozoochorous species fruiting in the overstory included 36 species of canopy and subcanopy trees and one woody epiphyte species (Appendix 2). There were 53 endozoochorous understory species: 23 small trees, 27 shrubs, and three herbs. There were also 21 endozoochorous liana species.
Thirty-seven bird species were observed in the 1.2-ha plot from 1991 to 1995. We identified 15 common species of frugivorous birds ( Both overstory and understory fruits were eaten by most of the common frugivorous birds (Table 1) . The ratio of the number of overstory to understory species in the diet (O/U) was calculated for nine bird species that ate at least ten species of overstory and understory fruits in total. For seven bird species, O/U ranged from 0.4 to 0.7, however, the differences between the bird species were not significant (chisquare test, PϾ0.05). O/U exceeded 1.0 only for the Japanese Green Pigeon Sphenurus sieboldii (1.6). It was significantly different from the O/U of Browneared Bulbul Hypsipetes amaurotis (chi-square test, c 2 ϭ4.20, Pϭ0.040), Japanese White-eye Zosterops japonicus (c 2 ϭ3.90, Pϭ0.048), Copper Pheasant Syrmaticus soemmerringii (c 2 ϭ6.83, Pϭ0.009), and Red-flanked Bushrobin Tarsiger cyanurus (Fisher's exact probability test, PϽ0.001), but not significantly different from the O/U of Narcissus Flycatcher Ficedula narcissina, Jay Garrulus glandarius, Japanese Green Woodpecker Picus awokera, or Pale Thrush Turdus pallidus (chi-square test, PϾ0.05). Overstory fruits were not found in the diet of the Red-flanked Bushrobin. The O/U of this species differed significantly from those of the six other bird species (Fisher's exact probability test, PϽ0.05), except Japanese White-eye (Pϭ0.067) and Copper Pheasant (Pϭ0.093). The fruits of lianas were also eaten by every common bird species except Eyebrowed Thrush Turdus obscurus.
2) Phenological pattern of fruits and seasonal changes of birds
Depending on the phenological patterns of fruiting and dispersal at the study site, the fruiting species were divided into 10 "summer species", 24 "fall species", and 22 "persistent species", according to the temporal pattern of the seed rain. Seed rain was observed for six species for one to three months from April to June, and for four species mainly from June to August (Fig. 1 ). These species were considered to be of the "summer" type. Summer fruits were produced during the breeding season of birds, and seed dispersal by birds coincided with fruit ripening. Seed rain for seven species was observed for one to four months from June to October, and for 17 species for two to seven months from June to December (Fig. 2) . These species were considered to be of the "fall" type. Fall fruits were presented during the fall migration season of birds, and most of the fruits either were 7 Classification of bird-dispersed plants eaten or fell before January. In the fall type, the birddispersed seed rain peaked in early (August and September) or late (October to December, often in November) fall. Seed rain for 22 species was observed for three to eight months, from August until the following April (Fig. 3 ). These species were considered to be of the "persistent" type. Persistent fruits remained on the tree from fall into winter (and sometimes until the following spring), and the seeds were dispersed by birds mainly during late fall or winter. Of the species for which there were few seed rain data, six were classified as follows: Myrica rubra and Persea thunbergii (summer type), Daphniphyllum teijsmannii and Syzygium buxifolium (fall type), and Myrsine seguinii and Vaccinium bracteatum (persistent type) (Noma & Yumoto 1997) .
Ten common frugivorous bird species were observed in the study site in all seasons, while five occurred in specific seasons (Table 1 ). The Narcissus Flycatcher was a summer visitor that was observed until November. The Eye-browed Thrush was observed only in the late fall migration season (October to December), and the Pale Thrush was observed from late fall through winter (November to March). Although the Bush Warbler Cettia diphone was a resident of the forest edge 200 m from the study site, it was observed under the closed forest only from fall to winter. The Red-flanked Bushrobin was observed only in winter (December to March).
3) Fruit size
Fruits were classified in terms of size as "small" (fruits eaten by birds with a wide range of body sizes), and "large" (fruits that are difficult for small birds to eat). The fruits eaten by seven of the common small frugivorous bird species (i.e., body weight Ͻ30 g: Bush Warbler, Japanese Pygmy Woodpecker Dendrocopos kizuki, Narcissus Flycatcher, Great Tit Parus major, Varied Tit P. varius, Red-flanked Bushrobin, and Japanese White-eye) (Table 1) were mainly those with diameters Ͻ10 mm (Fig. 4) , although one extremely large fruit (fruit diameter 45 mm; but seed 4 mm: Akebia quinata) was eaten by three of the small bird species. Seed size was also related to the fruit composition in the food habits of the birds; few of the small birds ate fruits containing seeds that had a shorter diameter exceeding 5 mm. The same tendency for fruit and seed sizes was found in the food habits of both the Japanese Green Woodpecker and the Japanese Green Pigeon (body weight Ͼ100 g each). Over 20% of the fruit species eaten by six medium or large bird species, with body weights Ͼ50 g (Masked Grosbeak Eophona personata, Jay, Brown-eared Bulbul, Copper Pheasant, Pale Thrush, Y. KOMINAMI et al. and Eye-browed Thrush), had a fruit size of at least 10 mm or a seed size of at least 5 mm. The diet of the Brown-eared Bulbul included fruits with a wide range of fruit and seed sizes. Therefore, fruits with a fruit size Ͻ10 mm, and a seed size Ͻ5 mm, were considered as small, and the other fruits were considered as large. Of the 111 endozoochorous species at the study site, the fruits of 67 species (60%) were classified as "small", those of 40 species (36%) were classified as "large"; and four species were unknown.
4) Classification by all three traits
Endozoochorous species occurring in the study site were classified using the three traits related to avian frugivory (Table 2) . Of the eighteen possible types (3 phenological patterns ϫ3 growth forms ϫ2 sizes), 9 Classification of bird-dispersed plants only one of the expected combinations was not found (summer-liana-large). For the overstory type, large differences in the numbers of species and families were not found among phenological patterns or fruit sizes. For the understory type, 68% of the species and 75% of the families produced small fruits.
Four fruit types (fall-overstory-small (FOS), falloverstory-large (FOL), summer-overstory-large (SOL), and persistent-understory-small (PUS)) were relatively abundant in the study site (Fig. 5) . In the overstory, the total number of individuals with dbh Ͼ5 cm in the 4-ha plot producing FOS, FOL, and SOL fruits was 1104 (51% of all overstory individuals), 328 (15%), and 650 (30%), respectively. In the understory, 140 individual (84%) small trees produced PUS fruits. PUS fruits of shrub and herb were found in the greatest total number of quadrats (451, 90%). Twenty-one plant species were common, and nine of the common species were abundant (Fig. 5) . In the overstory, 14 species of five types (SOL, FOS, FOL, persistent-overstory-large (POL), and persistent-overstory-small (POS)) were represented by more than 10 individuals each (Fig. 5a ). Of these common species, Cleyera japonica, Persea japonica, P. thunbergii, Cinnamomum japonicum, Actinodaphne longifolia, and Neolitsea aciculata were abundant (Ͼ100 individuals). Actinidia arguta, a fall-liana-large type (FLL), and Ficus sarmentosa var. nipponica, a persistent-liana-large type (PLL), were common lianas with more than 10 individuals each (Fig. 5b) . None of the lianas was abundant. In the understory, Eurya japonica, a PUS type, was an abundant small tree with more than 100 individuals (Fig, 5c) . None of the other small trees were represented by more than 10 individuals each. Two species of PUS shrubs (Maesa japonica and Damnacanthus indicus) were observed in more than 110 quadrats (Ͼ25% of all quadrats, Fig. 5d ). Lasianthus japonicus, a PUS type, and Ardisia crenata, a persistent-understory-large (PUL) type, were also common in the understory, and were observed in 43 quadrats (10%) and 39 (9%), respectively. The other species of shrubs and herbs were observed in fewer than 16 quadrats each (Ͻ4%).
Many species provided considerable numbers of fruits (Fig. 5) . In the overstory, 11 of 14 common species contributed more than 100 fruits in 54-months seed rain (Fig. 5a ). Six overstory species with fewer than 10 individuals each also contributed more than 100 fruits each. Four species of liana contributed more than 100 fruits each, although the populations were of fewer than 10 individuals each (Fig. 5b) . In the understory, only three species (Ardisia crenata, Eurya japonica, and Ficus erecta) contributed more than 100 fruits (Fig. 5c, d ).
DISCUSSION
1) Major and complementary species of fruits
At the Aya Research Site, plant species provided birds with various fruits of different fruiting phenology, fruit size, and growth form. To understand the pattern of fruit-bird interactions, we defined major and complementary fruit species and distinguished the plant species. A major species was defined as one that produced abundant fruit that was important for a certain bird species. A complementary species was defined as one producing fruit that compensated for low diversity or for a temporal lack of a major species in a particular season. To indicate species that were not counted in the tree census or in the quadrats, one is added to the number of individuals and that of quadrats. Three tree species producing SOL fruits were major species in spring and summer (Fig. 6) . Two dominant canopy species (Persea thunbergii and P. japonica) and a subcanopy species (Actinodaphne longifolia) showed abundant population (Fig. 5a ). Most frugivorous birds eat mainly insects during the spring and summer, while Brown-eared Bulbul and Japanese Green Pigeon frequently eat fruits in these seasons (Haneda & Kobayashi 1967; Kiyosu 1978; Moriyama et al. 1985) . Growth form and fruit sizes of SOL species are available for Brown-eared Bulbul and Japanese Green Pigeon. Both species ate many species of overstory fruits ( Table 1 ). The Browneared Bulbul was a generalist with respect to fruit size (Fig. 4) . Although 81% of the fruit species in the diet of Japanese Green Pigeon were small ones, this pigeon is known to eat the SOL fruits of Prunus jamasakura (Kiyosu 1978) . P. jamasakura, a deciduous canopy species with a low population density (0.25 individuals ha Ϫ1 ), was also considered an important food for birds, because the number of fruits in the 54-months seed rain equalled that of A. longifolia (Fig.  5a) , and the bird-dispersed seed rain was observed every year. A summer-overstory-small (SOS) type woody epiphyte Taxillus yadoriki and a summerliana-small (SLS) type Elaeagnus glabra provided the fruits from April to June that compensated for the lack of SOL fruit in early spring (Fig. 1) . P. jamasakura, T. yadoriki and E. glabra were considered complementary species (Fig. 6) .
Four FOL, two FOS, and one PUS fruits were major species in fall (Fig. 6) . Two subcanopy species (Cinnamomum japonicum and Neolitsea aciculata) were abundant FOL species (Fig. 5a) . A canopy tree Y. KOMINAMI et al.
14 Fig. 6 . Relationship patterns between fruit and bird species. Letters A to E indicate the ranges of fruits that are considered to be eaten by the birds with the same letter. Major and complementary fruit species are arranged vertically, and phenological patterns are arranged horizontally. Plant types are represented by three letters as follows: the first letter indicates phenological type (S, summer; F, fall; P, persistent), the second letter indicates growth form (O, overstory; U, understory; L, liana), and the last letter indicates fruit size (L, large; S, small). For example, SOL indicates summer-overstory-large type. Of the birds, Copper Pheasant (in parenthesis) is a seed predator.
Daphniphyllum macropodum and a conifer Podocarpus macrophyllus were common FOL species that contributed large number of fruits in the seed rain (Fig. 5a) . A dominant subcanopy tree Cleyera japonica was the most abundant FOS species, both in population and in seed rain (Fig. 5a) . A deciduous tree Cornus controversa was a common FOS species that contributed more than 6,000 fruits in the seed rain (Fig. 5a) . A small tree Eurya japonica was an abundant PUS species (Fig. 5c) . The demand for fruits in the fall is great, because this is the season when many bird species in the temperate zone shift their food habits from animal food to vegetable matter (Sorensen 1981; Herrera 1984) . Due to the abundance of FOL, FOS, and PUS species in the study site (Fig. 5) , fruits are abundant and available for various birds in the fall. FOL fruits are consumed mainly by birds that eat a wide range of fruit sizes, such as Brown-eared Bulbul and Pale Thrush. Bird species with a wide range of body size consume FOS and PUS fruits.
Of seven major plant species in fall (Fig. 6 ), only one FOS species Cornus controversa provided a considerable quantity of fruit in early fall (Fig. 2) . Large numbers of C. controversa seeds were collected in traps (Ͼ500 for all seeds, Ͼ200 for bird-dispersed seeds) in every year from 1992 to 1995. C. controversa fruits were available in early fall in 1992, 1993, and 1995; however, most were eaten by birds before August in 1994. The fluctuation in the availability of C. controversa fruits indicates that complementary species are necessary to maintain a stable supply of fruit for birds in early fall. Six species of five types were considered as complementary species in early fall (Fig. 6) . A subcanopy tree Actinodaphne lancifolia and a liana Actinidia arguta were common FOL and FLL species fruiting in early fall, respectively (Fig. 2, Fig. 5a, b) . A deciduous tree producing FOS fruit Cornus brachypoda, a small tree Ficus erecta (fall-understory-large (FUL) fruit), and two species of liana, Parthenocissus tricuspidata and Ampelopsis, (fall-liana-small (FLS) fruits), contributed more than 100 fruits in the seed rain, although their populations were small (Fig. 5a, b, c) . Large numbers of seeds of these four species were dispersed by birds in early fall (Fig. 2) .
Many persistent species fruit in late fall, and 35 species (17 fall species and 18 persistent species) contributed to a peak in the bird-dispersed seed rain. Of seven major plant species in fall (Fig. 6) , seed rain of six species peaked in late fall (Fig. 2) . Therefore, the number of major species is relatively large in late fall, as compared to the number in early fall. Coincidentally, the number of frugivorous birds in lucidophyllous forests peaks in late fall (Noma & Yumoto 1997) . Complementary fruit species are also available at that time. Eight species of seven types were considered as complementary species in late fall (Fig. 6) . A subcanopy FOS species Ternstroemia gymnanthera, a liana PLL species Ficus sarmentosa var. nipponica, and two shrub PUS species (Maesa japonica and Lasianthus japonicus) were common species fruiting in late fall (Fig. 2, Fig. 3, Fig. 5a, b,  d) . A subcanopy POL species Ilex integra, a subcanopy POS species I. goshiensis, a persistent-lianasmall (PLS) species Celastrus orbiculatus, and a liana FLS species Menispermum dauricum contributed more than 100 fruits in the seed rain, although their populations were small (Fig. 5a, b) . Bird-dispersed seed rain of these four species peaked in late fall (Fig. 2, Fig. 3 ).
Five species of persistent fruits were major species in winter (Fig. 6) . Eurya japonica, a major species in fall, had a second peak of bird-dispersed seed rain in winter (Fig. 3) . Two subcanopy POS species (Meliosma rigida and Symplocos prunifolia), a canopy POL species Diospyros morrisiana, and a shrub PUL species Ardisia crenata were common species which contributed more than 100 fruits in the seed rain (Fig.  5a, d ). Persistent fruits that have not been consumed in late-fall are an important food resource for frugivorous birds in winter. PUS fruits, in particular, are important for Red-flanked Bushrobin, a small bird that visits in winter and prefers fruits in the understory. PUL and POL fruits are consumed mainly by medium and large birds, such as Brown-eared Bulbul and Pale Thrush. Seven complementary species of persistent fruits in late fall (Fig. 6 ) may improve the total fruit availability in winter, as considerable amounts of these fruits remain during this season. In addition, three species were considered complementary species in winter. These were a PUS species Damnacanthus indicus, an abundant shrub (Fig. 5d) , and two deciduous POS species (Zanthoxylum ailanthoides and Idesia polycarpa) both of which contributed more than 100 fruits in the seed rain, although their populations were small (Fig. 5a) .
2) Overview of fruit-bird interactions
We classified the relationships of fruits and birds into five patterns according to the composition of major and complementary fruits in the study site (Fig. 6 ). Among the resident birds recorded, three species are considered to be seed dispersal agents of most fruit types (B in Fig. 6 ). The Brown-eared Bulbul is a major dispersal agent in lucidophyllous forests, where it is abundant throughout the seasons (Sako et al. 1971; Kawaji 1988; Eguchi et al. 1989; 1992; Noma & Yumoto 1997) and eats fruits of a wide range of sizes (Fig. 4) . Fukui (1995) confirmed the efficiency of the Brown-eared Bulbul as a seed dispersal agent. In the study site, 57 (51%) of 111 endozoochorous species and 14 (82%) of 17 fruit types were found in the Brown-eared Bulbul's diet. Thus, it appears that most types of fruit are eaten and dispersed by this species. Both the Japanese Green Pigeon and the Jay are resident frugivorous birds. These species are possible be important dispersal agents in all seasons, however, the fruit size and growth form preference of the Japanese Green Pigeon may restrict the range of fruits eaten and dispersed by this species compared with the Brown-eared Bulbul.
Fruits of 21 plant species in the study site were found in the diet of the Copper Pheasant, giving it the second most diverse fruit diet after the Brown-eared Bulbul (Table 1) . The Copper Pheasant is, however, capable of digesting many different kinds of seeds. Ogasawara (1968) found intact seeds in its crop, but not in the gizzard. Thus, the Copper Pheasant is presumably a seed predator rather than a seed disperser, especially, of poorly protected seeds such as those of the Lauraceae.
Five other species of birds are also considered as important seed dispersal agents, although the fruits that they eat are limited by growth form, fruiting season, or fruit size. Pale Thrush (Turdidae) is one of the most important dispersal agents in late fall and winter. The Turdidae includes many seed-dispersing species found in various vegetation types in the temperate zone (Karasawa 1978; Thomson & Willson 1979; Sorensen 1981; Herrera 1984; Skeate 1987; Debussche & Isenmann 1989; Jordano 1993) . The Pale Thrush population peaks in November and many individuals overwinter in lucidophyllous forests (Noma & Yumoto 1997) . This study showed that the Pale Thrush is a generalist concerning fruit size and growth form (Table 1, Fig. 4) . Therefore, the Pale Thrush is thought to disperse seed of most fruit types available in late fall and in winter (A in Fig. 6 ). Small birds, such as Japanese White-eye, Narcissus Flycatcher, and Red-flanked Bushrobin, eat small fruits primarily, and the medium-sized Japanese Green Woodpecker also tends to prefer small fruits (C, D, E in Fig. 6 ). These birds seemed to be important dispersal agents for small fruits. Since Narcissus Flycatcher is insectivorous in summer (Chiba et al. 1972; Kiyosu 1978) and absent from the study site in winter, this species eats fruits mainly in fall (D in Fig. 6 ). The Red-flanked Bushrobin, which eats understory small fruits in winter (E in Fig. 6 ), is the most limited agent among the major bird species contributing seed dispersal.
Therefore, eight species of birds were considered to be major species for seed dispersal in the study site. An overview of the relationships between these birds and various types of fruits revealed five patterns (Fig. 6) . The importance of other common frugivorous birds in the study site (Table 1) as dispersal agents remains unknown. They may contribute to seed dispersal to some extent. The Masked Grosbeak, however, is a seed predator rather than a dispersal agent, because it is a species of finch (Fringillidae), which are mashers of fruits and crush seeds in their bills (Herrera 1984; Levey 1987 ).
3) Key species
This study described interspecific relation patterns of fruit-bird interactions in the Aya lucidophyllous forest (Fig. 6) . We considered an irreplaceable major species to be a key species. Two species of Theaceae (Eurya japonica and Cleyera japonica) were considered to be key fruit species. Of the major fruit species, E. japonica was the only fruit found in all five patterns of fruit-bird relationship (A-E in Fig. 6 ), and C. japonica was the only fruit found in four patterns (A-D). The populations of those two species were the largest, and the amounts of seed rain from these species were the greatest for the persistent and fall types, respectively (Fig. 5) . The annual fluctuation in fruit production by E. japonica and C. japonica is small in lucidophyllous forest (Noma 1997) . Thus E. japonica and C. japonica have abundant populations, bear considerable numbers of fruit, produce fruit constantly, and are associated with a wide range of birds. No other species has such a complete set of these traits. Therefore, the fruits of E. japonica and C. japonica are considered as important food resources for most frugivorous birds. Any reduction in the number of fruiting individuals might seriously reduce the overall availability of fruits in the study site.
There was no key plant species in spring and summer. The SOL species were important food resources for Brown-eared Bulbul and Japanese Green Pigeon. However, it is still not known whether any of the SOL species is replaceable. The fruiting periods within summer differed between two species of Persea and the other two species (Actinodaphne longifolia and Prunus jamasakura). The fruit production by these species showed considerable annual fluctuation and was not synchronized among species (Kominami unpubl.) . Therefore, the SOL species provide fruits in turn. In spring and summer, each SOL species might be replaceable in the short term, but the complete set of these species might be necessary in the long term.
Cornus controversa was considered a key species because its fruit was the only major species in early fall. It produced the largest amount of fruits in early fall, and these were constantly available for birds. It was also included in the food of at least six species of common frugivorous birds. Therefore, C. controversa fruit is expected to be a popular food resource for many birds in early fall.
We did not find any key fruit species as component species in a strong relationship. Fruit-bird interactions in the study site overlapped in various ways (Fig. 6) . Hence, there was no strong relationship involving birds and fruits that were independent of all other relationships as one might expect in a tropical forest area.
In the diffuse pattern of relationships seen at the study site, the abundance and generality of key species may improve the stability of food resources and of dispersal success. Some studies of temperate forests have found that a few abundant species are "key species", playing crucial roles in fruit-bird interactions (Skeate 1987; Debussche & Isenmann 1989) . In our study site, an important species set composed of three key fruit species and a group of summer fruits provided continuous and familiar food for many bird species. The key fruit species in this study site are also common species in other lucidophyllous forests (Noma & Yumoto 1997; Hattori & Minamiyama 2001) , and may play similar roles there.
4) Conservation of fruit-bird interactions
How do the details of the relationship patterns detected in this study contribute to the conservation of fruit-bird interactions in lucidophyllous forests? To diagnose the stability of fruit-bird interactions, it is useful to determine whether the composition of fruit types in a forest is similar to that in the study site. Observed relationship patterns in a primary lucidophyllous forest represent one fundamental pattern for lucidophyllous forests in Japan. Since there are various lucidophyllous forest communities (Sato 1983) , the species composition of each relationship, e.g., A-E in Fig. 6 , is likely to differ somewhat among communities. It is important to detect differences in the overall composition of fruit types rather than in species composition. If a fruit type is absent from a lucidophyllous forest, the cause of this absence should be determined. If the absence of a type is caused by natural variation in the vegetation, management is not necessary; however, if the absence is caused by human impact, the type should be restored. In particular, a sudden decrease in key species might seriously affect fruit-bird interactions, causing a food scarcity for birds, and preventing adequate seed dispersal for plants. Therefore, monitoring the populations of key species is essential for conserving fruitbird interactions in lucidophyllous forests.
The results of this study suggest that conservation of the overall composition of fruit types improves the stability of food resources for birds and facilitates dispersal success for the plants themselves. The frugivorous bird population and the degree of frugivory in temperate forests undergo large annual fluctuations, especially in fall and winter (Stapanian 1982; Malmborg & Willson 1988; Jordano 1993; Herrera 1998) . Fruit abundance also varies markedly among years (Herrera 1984 (Herrera , 1998 Wheelwright 1986; Jordano 1993; Noma 1997) . These fluctuations in birds and fruits may lead to an annual, unpredictable variability in the available species of the fruit-bird interaction. Insofar as endozoochorous plants are rich in fruit types, some of the types may compensate for any sudden fluctuation in the key or major species.
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